Most biological nitrogen transformations have characteristic kinetic isotope effects used to track these processes in modern and past environments. The isotopic fractionation associated with nitrogen fixation, the only biological source of fixed nitrogen (N), provides a particularly important constraint for studies of nitrogen cycling. Nitrogen fixation using the 'canonical' Mo-nitrogenase produces biomass with a d 15 N value of ca. À1‰ (vs. atmospheric N 2 ). If the 'alternative' V-and Fe-only nitrogenases are used, biomass d 15 N can be between À6‰ and À7‰. These biomass values are assumed to be relatively invariant and to reflect the cellular level expressed isotope effect of nitrogen fixation. However, field and laboratory studies report wide ranges of diazotrophic biomass d 15 N (from À3.6‰ to +0.5‰ for Mo-based nitrogen fixation). This variation could be partly explained by the release of dissolved organic N (DON) that is isotopically distinct from biomass. The model nitrogen fixer Azotobacter vinelandii secretes siderophores, small molecules that aid in Fe uptake and can comprise >30% of fixed nitrogen. To test whether siderophores (and other released N) can decouple biomass d 15 N from the isotope effect of nitrogen fixation we measured the isotopic composition of biomass and released N in Fe-limited A. vinelandii cultures fixing nitrogen with Mo-and V-nitrogenases. We report that biomass d 15 N was elevated under Fe limitation with a maximum value of +1.2‰ for Mo-based nitrogen fixation. Regardless of the nitrogenase isozyme used, released nitrogen d 15 N was also 2-3‰ lower than biomass d 15 N. Siderophore nitrogen was found to have a slightly higher d 15 N than the rest of the DON pool but was still produced in large enough concentrations to account for increases in biomass d 15 N. The low d 15 N of siderophores (relative to biomass) is consistent with what is known from compound specific isotope studies of the amino acids used in siderophore biosynthesis, and indicates that other amino-acid derived siderophores should also have a low d 15 N. The implications for studies of nitrogen fixation are discussed.
INTRODUCTION
The isotopic fractionation associated with microbial nitrogen transformations can provide important biogeochemical insights (Brandes and Devol, 2002; Gruber and Galloway, 2008; Sigman et al., 2009a) . Nitrogen fixation, the primary natural source of biologically available ('fixed') nitrogen is catalyzed by the metalloenzyme nitrogenase, which uses iron (Fe) in addition to molybdenum (Mo) or vanadium (V) to reduce N 2 gas to NH 4 + (Bishop et al., 1986; Robson et al., 1986; Seefeldt et al., 2009) (Klots and Benson, 1963) . Pure culture studies have shown that the isotope effect of nitrogen fixation is small (Hoering and Ford, 1960; Macko et al., 1987) , leading to diazotrophic biomass d 15 N measurements close to 0‰. Researchers often adopt a d 15 N value of ca. À1‰ for biomass produced by organisms using the 'canonical' Mo-nitrogenase (Brandes and Devol, 2002; Montoya, 2008; Sigman et al., 2009b) . When 'alternative' V-or Fe-only nitrogenase isozymes are used, this value is much lower (ca. À6 to À7‰, Rowell et al., 1998; Zhang et al., 2014) . Fe limitation has been shown to increase the d 15 N of biomass in the cyanobacterium Anabaena variabilis (Zerkle et al., 2008) , whereas variations in carbon source, growth phase, nitrogenase activity, as well as the availability of molybdenum and phosphate have not been found to have an effect on biomass d 15 N (Beaumont et al., 2000; Zerkle et al., 2008; Zhang et al., 2014) . However, the mechanisms behind the isotopic fractionation during nitrogen fixation are not fully understood and it remains unclear why fluctuations in biomass d 15 N occur under certain conditions but not others. Additionally, the effect of changing environmental conditions on the isotope effect of 'alternative' nitrogenase isozymes is poorly constrained.
A little studied control on the isotopic composition of nitrogen-fixer biomass is the release of newly fixed N. Marine and freshwater cyanobacteria are known to release nitrogen when growing diazotrophically (for example : Capone et al., 1994; Glibert and Bronk, 1994; Mulholland et al., 2004; Berthelot et al., 2015; Adam et al., 2016; Bonnet et al., 2016; Lu et al., 2018) . The release of N can be substantial (>50% of fixed N, Capone et al., 1994; Glibert and Bronk, 1994) and could affect biomass d 15 N, were its isotopic composition distinct from that of biomass. However, to our knowledge, paired d 15 N measurements of biomass and released nitrogen have not been conducted in pure cultures of any diazotroph. In light of previous reports that Fe limitation influences biomass d 15 N (Zerkle et al., 2008) , the possible role of nitrogen release is particularly intriguing as many bacteria are known to secrete high concentrations of N-rich Fe-binding molecules called siderophores under Fe limitation (Hider and Kong, 2010) . If siderophores were distinct in d 15 N relative to the biomass of the nitrogen fixer, their release could lead to the previously observed enrichment in biomass 15 N under Fe limitation. Moreover, if nitrogen released by other diazotrophs is also isotopically distinct from biomass, such a mechanism could help to explain variations in field and laboratory measurements of biomass d 15 N (Hoering and Ford, 1960; Wada and Hattori, 1976; Minagawa and Wada, 1986; Macko et al., 1987; Carpenter et al., 1997) .
In this study, we (i) measure the effect of Fe limitation on biomass d
15 N in the model nitrogen fixer Azotobacter vinelandii, (ii) determine the quantity as well as isotopic and chemical composition of released N, and (iii) use these data to assess changes in the isotopic composition of newly fixed nitrogen (the isotope effect).
A. vinelandii is a model nitrogen fixer, which encodes canonical (Mo) and alternative (Fe-only and V) nitrogenases (Bishop et al., 1986; Chisnell et al., 1988) , allowing for comparisons between different isozymes. We grew wild type cultures supplied with Mo as well as mutants that encode only the Mo-or V-nitrogenase in order to explore nitrogen release when different nitrogenases were used. Previous studies have suggested that Azotobacter spp. release amino acids, vitamins, and NH 4 + during nitrogen fixation (Narula et al., 1981; Narula and Gupta, 1986; GonzalezLopez et al., 1995; Revillas et al., 2000) . A. vinelandii is also well studied for its production of siderophores (Corbin and Bulen, 1969; Page et al., 1991; Page, 1995, 1998; Kraepiel et al., 2009 ), and we recently reported that under Fe limitation A. vinelandii can invest >30% of fixed nitrogen in siderophore production (McRose et al., 2017) . We measured the d 15 N of biomass and released nitrogen in Azotobacter vinelandii cultures grown under Fe-limiting and Fe-replete conditions. Our results show that the d 15 N of nitrogen released by A. vinelandii can be up to 3‰ lower than biomass. Under Fe-limiting conditions, siderophores are the majority of this released N and they are secreted in quantities large enough to elevate biomass d 15 N. The 15 N depletion in siderophores is consistent with the isotopic tendencies of the amino acids used in the biosynthesis of vibrioferrin and protochelin (the most abundant siderophores in our study), suggesting that other amino-acid derived siderophores are also likely to be depleted in 15 N relative to the biomass of the organism that synthesized them.
METHODS

Bacterial strains and culture conditions
The wild type Azotobacter vinelandii strain OP as well as mutants that encode only the Mo-nitrogenase (CA1.70) or the V-nitrogenase (CA11.70) were grown in a nitrogen-free chemically defined medium (Bellenger et al., 2011) at 30°C with shaking (100 RPM). For preliminary experiments, the growth medium was amended with 0.1 lM FeCl 3 and 100 nM Mo or V. Further experiments were conducted in growth medium amended with 0.5 lM or 5 lM FeCl 3 , 0.16 lM Mo or V and 100 lM ethylenediaminetetraacetic acid (EDTA). Optical density was monitored throughout the experiment using the absorbance at 620 nm. All experiments were conducted using biological duplicates. For pre-liminary experiments (Fig. S1 ), cells were collected during late exponential and early stationary phase for isotopic analyses. In follow up experiments, cells were collected at the indicated optical density (Figs. 1-3) . 15 N measurements were collected by filtration onto precombusted 25 mm glass microfiber filters (GF/F, Whatman, Maidstone, UK). Following filtration, samples were either lyophilized or dried at 60°C and both nitrogen content and d 15 N were determined using an elemental analyzer (vario ISOTOPE cube, Elementar) coupled to an isotope ratio mass spectrometer (Isoprime 100, Isoprime, UK). Filters were rinsed with 20 mL of sterile salt solution (nitrogen-free medium without carbon, nitrogen, trace metals, and EDTA) to remove extracellular N. Rinsing was not performed for preliminary experiments (Fig. S1 ). In addition, wild type samples from the 5 lM Fe treatments at two time points were also processed using the 'denitrifier method' (see below).
For released nitrogen analyses, $10 mL of A. vinelandii culture was centrifuged (3200g for 10 min at room temperature) and the resulting supernatant was filtered (0.22 lm) and frozen at -20°C. Measurements of the OD620 of supernatants (after centrifugation but before filtration) showed very low ODs suggesting that cells are efficiently pelleted and that the potential for cell lysis during syringe filtration is low (Fig. S2 ). All syringes (excluding stoppers) and centrifuge tubes used in experiments were acid washed (10% v/v hydrochloric acid) to remove any contaminating nitrogen. Preliminary experiments showed that this washing protocol was effective: milliQ blanks had background N concentrations <3 mM. Sample nitrogen content and d 15 N was determined by first oxidizing all sample nitrogen to nitrate (persulfate oxidation, as in Knapp et al., 2005) followed by the 'denitrifier method' (Sigman et al., 2001 ). For persulfate oxidation, 100 mL of cell-free supernatant was combined with 2 mL of persulfate oxidizing reagent (POR), consisting of 2 g recrystallized potassium persulfate and 2 g ACS grade NaOH per 100 mL distilled deionized water. Samples were autoclaved for 1.5 hours at 120°C and sample pH was adjusted to $pH 7 before bacterial conversion to N 2 O and measurement on a Thermo MAT 253 isotope ratio mass spectrometer (Thermo Fisher Scientific, see Sigman et al., 2001; Weigand et al., 2016) . In order to ensure complete oxidation of all nitrogen compounds in Table S3 . our heterotrophic growth medium (which contains mM concentrations of organic carbon), known concentrations of L-glutamic acid (USGS40 and USGS41) were spiked into medium samples and their recovery was verified using the persulfate oxidation method (Fig. S3 ). Our growth medium utilizes the chelator EDTA, which is not metabolized by the cells but contributes $200 lM nitrogen. The concentration and isotopic composition of EDTA was determined in un-amended growth medium from each experiment (EDTA d 15 N ranged from À0.94‰ to +0.2‰ due to changes in chemical batch) and was used to correct DON concentrations and isotopic values assuming linear mixing of EDTA and DON.
Quantification of siderophores, amino acids, NH 4
+ , and NO 3 À Siderophores were quantified previously (McRose et al., 2017) using a single quadrupole LC-MS system (Agilent 6120, Agilent, Santa Clara, CA, USA), fitted with a UVvis diode array detector. Supernatant samples were acidified and directly injected onto a C18 column (Agilent Eclipse Plus C18, 3.5 lm, 4.6 Â 100 mm) without extraction. Separation was achieved using a gradient of A and B solutions (solution A: water + 0.1% formic acid + 0.1% acetic acid; solution B: acetonitrile + 0.1% formic acid + 0.1% acetic acid) over 30 min, at a flow rate of 0.8 mL/min. Vibrioferrin peak areas were quantified using calibration to an isolated standard. For catechol siderophores, UV chromatograms were extracted at 315 nm and concentrations were determined using known extinction coefficients (see Baars et al., 2015 and McRose et al., 2017) . Quantification of free amino acids was performed at the Texas A&M protein chemistry lab. NH 4 + was measured using the orthophthaldialdehyde (OPA) method as described by (Holmes et al., 1999) . NO 3 -concentrations were determined by reduction to NO and chemiluminescent detection (Braman and Hendrix, 1989) .
Calculation of d
15 N Nfix , kinetic isotope effect, and biomass sensitivity to N release
We calculated d
15 N Nfix using a linear mixing model of biomass and DON: 
where In preliminary experiments (Fig. S1 ), we measured biomass d
15 N from nitrogen-fixing A. vinelandii wild type (supplied with Mo) and V-only mutant cultures (supplied with V) grown under extreme Fe limitation (Fe T = 0.1 mM). As expected, cells using the V-nitrogenase had much lower biomass d 15 N than those using the Mo-nitrogenase, reflecting the increased fractionation imparted by the alternative nitrogenase enzyme, as has been previously reported (Rowell et al., 1998; Zhang et al., 2014) . Importantly, biomass d 15 N of both the V-only and Mo-grown wild type cultures increased with successive transfers under Fe limitation, reaching a maximum value of +1.2‰ for Mobased nitrogen fixer biomass and À2.5‰ for V-based nitrogen fixer biomass. These values are much higher than previously reported for A. vinelandii (ca. À1‰ and À5.5‰ for Mo and V nitrogenases, respectively, Rowell et al., 1998; Zhang et al., 2014) .
Quantity and chemical composition of released nitrogen
Following our preliminary experiments, we quantified the release of fixed nitrogen by A. vinelandii Mo-grown wild type and Mo-only mutant cultures (hereafter Mo-grown cells) as well as V-only mutant cultures during growth in EDTA-buffered medium with varying concentrations of Fe (Fe T = 0.5 lM or 5 lM). In our experiments, practically all of the extracellular nitrogen is organic (see below), as such we refer to released nitrogen as Dissolved Organic Nitrogen (DON). Mo-grown cells released DON throughout the experiment and achieved similar final DON concentrations ($800 lM after subtraction of nitrogen contributed by the chelator EDTA, see methods) across Fe-treatments. However, the DON release per cell (inferred from optical density, a proxy for cell count) was much greater in Fe-limited treatments (Fig. 1A) . Nitrogen release in the V-only mutant was consistently lower than that of Mo-grown cells, but still varied with Fe.
Using total DON concentrations and known siderophore N concentrations (quantified by LC-MS and converted to N using siderophore structures, Fig. 1B , Table S1 , McRose et al., 2017) we determined that siderophores represented a large fraction of the DON pool -with substantial differences between low and high Fe: <20% at high Fe, >90% at low Fe (compare Fig. 2A and B) . Although previous studies have reported the excretion of NH 4 + and amino acids by A. vinelandii, (Narula et al., 1981; Narula and Gupta, 1986; Revillas et al., 2000) we found that these molecules only accounted for small fractions of the DON pool. NH 4 + was measured at the end of growth and found to be 1-3 mM ( 1% of the pool). Measurements of amino acids suggested that they also accounted for a small portion of the DON pool ($6% in representative samples), with alanine being the most abundant (Table S2) . We also compared the concentrations of biomass N and DON in our experiments. As expected, the DON pool represented a much smaller fraction of total fixed nitrogen (biomass + DON) under Fe-replete as opposed to Fe-limited conditions (Fig. 2) . At high Fe, the DON pool was small relative to biomass and was dominated by unidentified compounds (hereafter nonsiderophore DON, 'NS-DON'). In contrast, at low Fe, the DON pool was significantly larger and was dominated by siderophore DON (Fig. 2) . Interestingly, the contribution of NS-DON to the total fixed nitrogen pool (DON and biomass) remained constant across treatments (Fig. 2) .
Isotopic composition of DON and effect on biomass
Our data show that the d 15 N of A. vinelandii biomass increases under Fe limitation (Fig. S1 ) and that DON release at low Fe can be substantial (Figs. 1 and 2 (Fig. 3A) . In agreement with our preliminary experiments (Fig. S1) Fig. 3A ). These measurements revealed that DON was indeed depleted in 15 N: typically being $2-3‰ lower in d 15 N than biomass in both Mo-grown cells and the V-only mutant (Fig. 3A) . A set of biomass samples were also processed with the denitrifier method (used for DON measurements) and were found to be nearly identical to those determined using an EA-IRMS (used for biomass measurements), indicating that differences between biomass and DON d 15 
This calculation showed that the d 15 N of newly fixed N had a value of ca. À1.7‰ for Mo-grown cells and ca. À5.8‰ for the V-only mutant and that neither changed substantially across treatments (Fig. 3B, Table S3 ). Our calculated values for newly fixed N correspond to organism-level isotope effects (e Nfix ) of $+2.4‰, and $+6.5‰ for the Mo-and V-nitrogenase, respectively, with neither isotope effect showing a clear dependence on Fe status.
We also observed an elevation of DON d 15 N in Mogrown cells and the V-only mutant at 0.5 lM Fe compared with 5 lM Fe (Fig. 3A,B , blue leftmost DON point in each plot), which could correspond to a shift in the chemical composition of DON related to siderophore production (Fig. 2) (Fig. 3A,B) . It is possible that this mechanism is the sole cause for the observed shift towards higher biomass d 15 N over the entire range of growth rates (0.02-0.25 h -1 , Fig. S1 ) observed in our experiments, suggesting that the organismal isotope effect of nitrogen fixation remains constant even at very slow growth rates; a result that stands in contrast to studies of sulfate reduction where metabolic rate (and by extension growth rate) has been found to influence the isotope effect (Sim et al., 2011; Leavitt et al., 2013) . Experiments exploring extremely low growth rates in nitrogen fixers are needed to verify this finding. Nevertheless, the very large difference in the isotope effects of Mo-and V-nitrogenases is clearly maintained even in cases when Mo-grown cells and the V-only mutant have similar growth rates (Fig. S1) , implying that these different fractionations are intrinsic to the different nitrogenase isozymes. The stability of the isotope effect for nitrogen fixation by a given nitrogenase is a positive outcome for the use of the N isotopes to reconstruct the fixed N budget on land (Houlton and Bai, 2009) and in the ocean (Brandes and Devol, 2002) .
Effect of Fe limitation on d
15 N of biomass, DON, and newly fixed N One complex feature of our data is the elevation in DON d 15 N at low Fe (Fig. 3A) . This results from a combination of two factors that accompany Fe limitation (i) increases in the DON flux (due to siderophore production) and (ii) changes in the isotopic composition of DON (also due to siderophore production). As the flux of DON becomes large at low Fe, biomass d 15 N increases away from newly fixed N, and DON d 15 N undergoes a concomitant increase toward newly fixed N. Moreover, although siderophores and NS-DON are chemically complex pools, our data also (Fig. 4) 15 N may not result from decreases in nitrogen fixation rate, but instead from alteration of the cellular N isotope budget in response to Fe availability.
We explored the effects of siderophore and NS-DON release on biomass d 15 N using a simple model (see methods for details). Our measurements of DON chemical composition (Fig. 2) suggest that NS-DON is released as a relatively consistent fraction of total fixed nitrogen ($4.3% for Mobased nitrogen fixers and $2.8% for V-based nitrogen fixation). Assuming that NS-DON is released constantly as 4% of total fixed N and using our calculated isotope effects for the synthesis of siderophore DON and NS-DON (Fig. 4A) This model fits our data well and suggests a maximum biomass d 15 N of $+0.3‰ when 100% of fixed nitrogen is routed to DON (a theoretical upper bound as it precludes biomass production entirely). This value is lower than the +1.2‰ value for (Mo-nitrogenase) biomass d 15 N seen in our preliminary studies, which were conducted under extreme Fe limitation. This very high biomass d 15 N could reflect shifts in the kinetic isotope effect that occur only under extreme Fe limitation. Barring this possibility, another explanation could be the secretion of different siderophores that are slightly more depleted in 15 N. Indeed, under extreme Fe limitation, A. vinelandii is known to make the large siderophore azotobactin (Bulen and LeComte, 1962; Page et al., 1991; Kraepiel et al., 2009; Yoneyama et al., 2011; Baars et al., 2015) . Although azotobactin was not produced in our 0.5 mM Fe treatments, it has been observed in supernatants from cells cultured with 0.1 mM Fe T (Baars et al., 2015) and would most likely have been produced in our preliminary experiments. Were azotobactin depleted in 15 N relative to vibrioferrin and protochelin (the main siderophores produced in our 0.5 mM and 5 mM Fe treatments), it could lead to the observed biomass d Based on our findings, we propose $+1‰ as an upper limit for biomass d 15 N under Fe limitation.
Mechanisms underlying 15 N depletion in siderophore and NS-DON
Siderophores account for a major fraction of DON in our Fe-limited experiments and due to their low d 15 N, they have a large influence on biomass d 15 N. This 15 N depletion in siderophores can be readily understood in terms of the amino acid precursors used in siderophore biosynthesis. Newly fixed N is incorporated into amino acids via the glutamine synthetase-glutamine oxoglutarate aminotransferase (GS/GOGAT) cycle, following which it can be used to build various amino acids via transamination reactions. Transamination transfers the 14 N isotope more quickly than the heavy 15 N isotope, allowing for some amino acids to become depleted in 15 N (Macko et al., 1986 ). This appears to be the case for the amino acids used to build vibrioferrin and protochelin (Fig. 1B) , two of the most abundant siderophores in our experiments (Table S1 ). The two nitrogen atoms in vibrioferrin come from alanine and serine (Tanabe et al., 2003; Challis, 2005) . Protochelin obtains two nitrogen atoms from lysine and two from butane 1,4-diamine (putrescine), a breakdown product of arginine (Yoneyama et al., 2011; Baars et al., 2015) . Empirical investigations of de novo microbial amino acid synthesis have shown that alanine and arginine often have d
15 N close to their nitrogen source but that lysine and serine are often depleted in 15 N (Macko et al., 1987; McClelland and Montoya, 2002; Chikaraishi et al., 2009; McCarthy et al., 2013) ; the incorporation of these amino acids should therefore lead to a decrease in siderophore d
15 N, as we observed. The use of amino acid precursors is common in siderophore biosynthesis (Hider and Kong, 2010) suggesting that many other amino acid-derived siderophores will be depleted in 15 N relative to the biomass that produced them.
The composition of the NS-DON pool remains unknown. Potential contributors to this pool are any Ncontaining organic molecules not measured in our study: small peptides, larger proteins, vitamins, nucleic acids, secondary metabolites, non-proteinogenic amino acids, or polyamines. If NS-DON is peptidic or proteinaceous the reason for its release remains unclear. Preliminary searches for vitamins suggested they were not present in high concentrations. Nucleic acids can also be released by bacteria; especially during biofilm formation (Flemming and Wingender, 2010) . And there is some evidence for increased A. vinelandii competence (and potentially DNA release) under diazotrophic conditions (Page and Sadoff, 1976) . It is extremely unlikely that NS-DON results from heretofore unrecognized A. vinelandii siderophores (Baars et al., 2014; Baars et al., 2015) . Other secondary metabolites such as antibiotics often contain nitrogen and could also contribute to NS-DON. However, the fact that NS-DON is released very consistently across treatments suggests that it may represent a waste or intermediate product associated with growing cells rather than a more specialized secondary metabolite. Non-proteinogenic amino acids such as ornithine or polyamines such as putrescine, spermidine, or spermine produced during amino acid breakdown could also contribute to NS-DON. We did not detect significant amounts of putrescine in our culture supernatants, although the presence of other compounds was not measured. However, there is some evidence for the production (but not excretion) of polyamines in Azotobacter species grown under diazotrophic conditions (Goris et al., 1998) and for the accumulation of di-and polyamines in other microbial cultures (Herbst et al., 1958; Kashiwagi et al., 1992; Yodsang et al., 2014) . If these are indeed the constituents of NS-DON, their low d 15 N might have a similar explanation to that of siderophore DON: transamination or deamination during biosynthesis of the molecules (or their amino acid precursors) could lead to 15 N-depletion. It is also notable that our measurements of both siderophore and NS-DON are depleted in 15 N, whereas environmental measurements of marine DON (which can be less complex to interpret than those from terrestrial systems) are often enriched in 15 N relative to biomass (Knapp et al., 2005; Meador et al., 2007; Knapp et al., 2012) . A. vinelandii, a soil bacterium, may not be representative of processes occurring in marine systems. However, assuming that our observations can be generalized, they suggest that DON d
15
N in these systems is set by fractionation during assimilation or further degradation of DON, but not by its excretion from cells.
Differences in N release between A. vinelandii cultures using Mo-and V-nitrogenases
Our data show that A. vinelandii releases substantial amounts of fixed nitrogen. Consistent with previous publications, NH 4 + and amino acids were part of this nitrogen pool (Narula et al., 1981; Narula and Gupta, 1986; Gonzalez-Lopez et al., 1995; Revillas et al., 2000) but our data show that NH 4 + and amino acids were present at much lower concentrations than siderophores and NS-DON. We also observed differences in the amount of DON released by cultures using the V-as opposed to Mo-nitrogenase ( Figs. 1  and 2 ). The V-nitrogenase is known to be less efficient than the Mo-nitrogenase and cultures using this nitrogenase have slower growth rates than those using the Monitrogenase (Eady and Robson, 1984; Bellenger et al., 2011) . We previously noted that A. vinelandii produces fewer siderophores when using the V-as opposed to Monitrogenase and we suggested that on account of their slow growth rates V-only mutants may be able to take up Fe more slowly, allowing for a decrease in siderophore production (McRose et al., 2017) . Another possible explanation is that A. vinelandii curtails N release when using the Vnitrogenase in order to compensate for the lower efficiency of this nitrogenase isozyme. Our current finding that the entire DON pool (not just siderophores) is smaller in the V-nitrogenase mutant (Figs. 1 and 2 ) lends support to this second hypothesis. The difference in DON release between cultures employing different isozymes also implies that A. vinelandii cells using the Mo-nitrogenase fix more nitrogen than is needed for biomass production and release the excess N. This process may also occur during Mo-based nitrogen fixation in other diazotrophs and could help explain previous observations of N release by diazotrophs (e.g. Capone et al., 1994; Glibert and Bronk, 1994; Mulholland et al., 2004; Berthelot et al., 2015; Adam et al., 2016; Bonnet et al., 2016; Lu et al., 2018) . The potential benefits of this process for the nitrogen fixer, and possibly co-occurring bacteria, remain unknown.
Additional implications for interpretation of biomass d
15 N and nitrogen fixation rates Natural abundance isotope studies provide valuable insights into nitrogen cycling. We show that DON release can decouple the isotope effect of N fixation from cellular isotopic composition, potentially increasing the d 15 N of nitrogen-fixer biomass up to +1.2‰ (Fig. S1 ). Measurements of diazotrophic biomass d 15 N from both field and lab experiments often exhibit substantial variations (Hoering and Ford, 1960; Wada and Hattori, 1976; Minagawa and Wada, 1986; Macko et al., 1987; Carpenter et al., 1997) . Our findings point to nitrogen release, a process not previously quantified in isotope studies, as a possible driver of this variation. In addition to the consequences for natural abundance isotope studies, the release of large amounts of DON can also affect the 15 N 2 tracer-based measurement of nitrogen fixation rates, leading to underestimates when rates are determined via isotopic label ( 15 N 2 ) incorporation, as has been previously shown in marine systems (Mulholland et al., 2004) .
Siderophore production is extremely common in both marine and terrestrial heterotrophic bacteria (Hider and Kong, 2010) , and also occurs in freshwater phototrophs such as Anabaena variabilis (Trick and Kerry, 1992) and Rhodopseudomonas palustris (Larimer et al., 2004; Baars et al., 2018) . Given what is known about siderophore biosynthesis, it is possible that these organisms release low d 15 N N via siderophores, as observed in A. vinelandii. In fact, as suggested by Zerkle et al. (2008) , siderophore release may contribute to the previous observation that A. variabilis exhibits increased biomass d 15 N under Fe limitation. While important marine diazotrophs such as Trichodesmium have not been found to synthesize siderophores (Hopkinson and Morel, 2009 ), these organisms have been shown to release fixed nitrogen (Capone et al., 1994; Glibert and Bronk, 1994; Mulholland et al., 2004; Berthelot et al., 2015; Bonnet et al., 2016; Lu et al., 2018) , often in the form of amino acids. The isotopic composition of this released nitrogen has yet to be explored in pure culture systems. However, our study provides a proof of concept that DON can in fact alter biomass d 15 N and suggests that this process may occur in other diazotrophs.
The fate of released N is a key question in assessing its potential effects on N isotopic distributions in the environment and their use to study modern and past nitrogen cycling. For example, if siderophores are assimilated by other organisms, as intact compounds or after degradation, they may have an effect on the d 15 N of other organisms in the environment that is more immediate than through trophic transfers of biomass N. In the ocean, if released N is preferentially recycled in the surface while N fixer biomass is preferentially exported from the surface ocean, the impact of N fixation on water column N isotope distributions will be different than without this discrepancy in fates. Such variations in biomass versus DON d 15 N are potentially relevant for recent investigations of organic nitrogen isotopes in shales (for example Stü eken et al., 2015; Zerkle et al., 2017; Li et al., 2018) . Perhaps most intriguingly, in the case of siderophore producers, if a wellpreserved, N-bearing biomarker of N fixers is identified, the d 15 N of this biomarker might reveal past variations in the iron limitation of nitrogen fixation.
CONCLUSION
We have shown that nitrogen release can decouple biomass d 15 N measurements from the kinetic isotope effect of nitrogen fixation. To our knowledge, this is the first evidence from culture-based studies that released nitrogen is 15 N-depleted and produced in adequate quantities to alter biomass d 15 N. In A. vinelandii, N-release is primarily driven by siderophore secretion, a process that is well understood and provides a molecular rationale for the low d 15 N of DON: A. vinelandii siderophores are synthesized from amino acids that are known to be 15 N depleted. Comparisons of N-release during Mo-and V-based nitrogen fixation also raise the possibility that 'over-fixation' by the more efficient Mo-nitrogenase facilitates N release in A. vinelandii and other diazotrophs. Our work suggests that the release of low d 15 N nitrogen affects the interpretation of biomass d 15 N measurements made in both laboratory and environmental settings and offers mechanistic insights into this process.
